Abstract The smut fungi (Ustilaginomycotina) are a highly diverse group, containing about 115 genera and 1700 species, most of which are biotrophic plant pathogens. As for other fungal groups, the ITS rDNA region is widely used to determine smut fungi at species level due to its high discriminatory power and for phylogenetic reconstructions within genera. So far, two primer sets, ITS1/ITS4 and M-ITS1/ITS4, were generally used to amplify smut fungi, but these often co-amplify host plants or contaminant fungi and do not yield satisfactory amplification for a variety of smut fungi. In the present study, based on a selection of genera that include more than 90% of the species of smut fungi (more than half of the genera of smut fungi), three new primers, smITS-F, smITS-R1 and smITS-R2, situated in the SSU or LSU region, were designed to avoid the amplification of host plants and to extend the coverage of PCR amplification for as many smut genera as possible.
Introduction
Smut fungi (subphylum Ustilaginomycotina) contain about 115 genera and more than 1700 species (Begerow et al. 2014) . Most of them parasitise angiosperm plants, in particular within Poaceae and Cyperaceae, but some species are associated with other tracheophytes, like Melaniella on spikemosses (Selaginella), Exoteliospora and Violaceomyces on ferns and Uleiella on conifers Albul et al. 2015) . For many smut fungi yeast-like anamorphs are known, e.g. species of the genera Rhodotorula and Pseudozyma (Begerow et al. 2006; Wang et al. 2015) . Wang et al. (2015) recently transferred most anamorphic species of the genus Pseudozyma to a corresponding teleomorph genus.
There are two classes of smut fungi within the Ustilaginomycotina. The Ustilaginomycetes mostly share the characteristic that they develop a brownish spore mass of thick-walled teliospores at various parts of the plants . The human-pathogenic Malasseziales have either been included in this class or been referred to as their own class (Wang et al. 2014) . Recent phylogenomic studies (Sharma et al. 2015; Mishra et al. unpublished data) inferred an early divergence for Ceraceosorus bombacis, being sister to a group formed by Malassezia and all other smut fungi with sequenced genomes. This means that the monophyly of the Exobasidiomycetes is not yet fully resolved and the higherlevel classification of the smut fungi is still in flux. Thus, we here refer to the Exobasidiomycetes in the circumscription given in Begerow et al. (2006) . The Exobasidiomycetes are typically non-teliosporic plant parasites (Bauer et al. 2001; Begerow et al. 2006) , even though some genera, such as Section Editor: Dominik Begerow Electronic supplementary material The online version of this article (doi:10.1007/s11557-016-1265-x) contains supplementary material, which is available to authorized users. Jamesdicksonia and Tilletia (Begerow et al. 2006; , form blackish teliospores. If this is the result of parallel convergent evolution or if the non-teliosporic smut fungi have lost the ability to produce teliospores is currently unclear. The class Microbotryomycetes, well known as anther smuts parasitizing various plant families, especially the Caryophyllaceae, was formerly considered to belong to the Ustilaginomycotina, but is now classified under the rust fungi (Pucciniomycotina) . Similarly, the class Entorrhizomycetes, which was long believed to belong to the Ustilaginomycotina , has been proposed to constitute a subphylum of its own , which is either the sister-group to the smut fungi or even the sister-group to all Dikarya.
Smut fungi include several well-known genera, such as Ustilago, Tilletia and Entyloma. Some species cause global economic losses, e.g. loose smut of barley (Ustilago nuda), maize smut (Ustilago maydis), and wheat bunt (Tilletia tritici). Ustilago maydis has also become a model organism for dissecting plant-pathogen interactions (Kämper et al. 2006) . Several phylogenetic studies for smut fungi have been published during the past two decades, mostly based on ITS or LSU rDNA loci (Albul et al. 2015; Begerow et al. 1997 Begerow et al. , 2000 Boekhout et al. 2003; Castlebury et al. 2005; Cunnington et al. 2005; McTaggart et al. 2012; Nasr et al. 2014; Piątek et al. 2016; Savchenko et al. 2014; Stoll et al. 2003 Stoll et al. , 2005 . The nrLSU provides a better resolution of the suprageneric splits but has insufficient resolution to discriminate between closely related species (Mahmoud and Zaher 2015) . Similar to other fungal groups (Schoch et al. 2012) , the ITS region has demonstrated its usefulness for species differentiation in several genera (e.g. Malassezia; Wang et al. 2014) , while some groups of very closely related species are still not fully resolved based on ITS sequences (Ustilago striiformis; Savchenko et al. 2014) . Due to the highly divergent groups within Ustilaginomycotina, it is difficult to design primer pairs that can be used for all groups of smut fungi, while at the same time being specific enough to minimize unspecific amplification, e.g. of host plants and other fungal groups.
Variants of the commonly used primer pair ITS1 and ITS4 (White et al. 1990 ) have been developed for more specific amplification of fungi. These include the reverse primer ITS4-B (Gardes and Bruns 1993) , modified for amplification of Basidiomycetes. The forward primer ITS1-F has been modified for amplification of fungi, in particular Ascomycota (Gardes and Bruns 1993) , and the forward primer M-ITS1 (Stoll et al. 2003) was designed for the amplification of Ustilaginaceae, but has also proven useful for ITS amplification of other groups of Ustilaginomycetes. However, for some groups of smut fungi, none of the available primer combination yielded satisfactory results in preliminary amplification tests and an amplification of host DNA or contaminant fungi was often observed. Thus, it was the aim of the current study to design smut-specific primers to improve PCR amplification for this diverse group of fungi and ideally cover some genera for which amplification is difficult with the existing primer pairs.
Materials and methods

Fungal specimens
The specimens used in this study are listed in Table 1 . The nomenclature of the hosts is derived from The International Plant Names Index (http://www.ipni.org), for all genera covered in that publication. For the names and classification of the smut fungi, we followed and complemented the dataset using the indexfungorum (http://www.indexfungorum.org/) database for recent genus descriptions and changes in nomenclature.
Primer design
A representative set of sequences of the large subunit (LSU) and the small subunit (SSU) were downloaded from GenBank (http://www.ncbi.nlm.nih.gov/genbank/) covering plants, non-target fungi (Basidiomycota and Ascomycota) and Ustilaginomycotina. Alignments for each locus (LSU and SSU) were carried out using mafft (Katoh and Standley 2013) v.7, employing the Q-INS-I algorithm. The alignment was then inspected using Geneious 6.0.6 (Biomatters, New Zealand) to identify potential primer positions. Subsequently, primers were designed manually considering their specificity, GC-content (40-65%) and internal structure (no inverse matches of more than 6 bp at the 3′ end). Three forward primers (smITS-F, 18S-S1F, 18S-S2FM) were designed from the SSU region, of which smITS-F performed best in initial tests and was thus used for further experiments, and three reverse primers, smITS-R1, smITS-R2, and ITS-S3 R, were designed from the LSU region, of which smITS-R1 and R2 performed best in initial tests and were thus used for further experiments. We furthermore slightly modified the existing M-ITS1 primer (named M-ITS1M) and used it in some initial tests (Table 2; Fig. 1 ).
DNA extraction, PCR and sequencing
About 2-20 mg of infected plant tissue was taken from each dried herbarium specimen. Tissue samples were disrupted in a mixer mill (MM200; Retsch, Germany), using two iron beads of 3 mm and five to eight iron beads of 1 mm diameter per sample and shaking at 25 Hz for 5-10 min. Genomic DNA was extracted using the E.Z.N.A. Plant DNA Kit short protocol (Omega, Norcross, GA, USA). PCR amplification of the ITS-rDNA of the specimens was performed using four forward primers, M-ITS1 (Stoll et al. 2003) , smITS-F (designed in this study), ITS1 (White et al. 1990 ) and ITS1-F (Gardes and Bruns 1993), and three reverse primers, ITS4 (White et al. 1990 ), smITS-R1, and smITS-R2 (designed in this study). All primers used in this study are listed in Table 2 . PCR was performed in an Eppendorf MasterCycler 96, equipped with a vapo protect lid (Eppendorf, Hamburg, Germany) using the following conditions. For the first set of amplification on representative genera of the Ustilaginomycotina (indicated in Table 1 ), 18S-S1F, 18S-S2FM, smITS-F, M-ITS1M, ITS1-F and M-ITS1 were each combined with smITS-R1, smITS-R2, ITS-S3R, NL1R (O'Donnell 1993), ITS4, or 5.8S (Vilgalys and Hester 1990). PCRs were performed with an initial denaturation at 95°C for 4 min, and 36 cycles of denaturation at 95°C for 40 s., annealing at 55°C for 40 s. and elongation at 72°C for 1 min, followed by a final elongation at 72°C for 4 min. The best primer combinations, smITS-F with smITS-R1, M-ITS1 with smITS-R1, and M-ITS1 with smITS-R2 were subsequently tested using gradient PCR (49-62°C). The optimum annealing temperature for all combinations was in the range from 54 to 56°C. After these initial tests, the best five primer combinations were tested on a set of 79 ustilaginomycete species belonging to 68 different genera (Table 1) . PCR products were sequenced at the sequencing facility of the Biodiversity and Climate Research Centre (BiK-F, Frankfurt, Germany) using the ITS4 primer. The resulting sequences were deposited in GenBank (Table 1) .
Results
Initial amplifications using the primer combination M-ITS1/ITS4 often led to negative results for herbarium specimens. A selection of 205 samples from 39 genera which were negative in a first round of amplification (no PCR result or multiple bands) were evaluated with respect to a second and third amplification on increased amounts of DNA with M-ITS1/ITS4 and with one of the newly described reverse primers M-ITS1/smITS-R2 (first attempt) or with the newly designed primers smITS-F/smITS-R2 (second attempt). The correct sequence was obtained for 59 of the 205 samples amplified with M-ITS1/ITS4, whereas 164 of the 205 samples were successfully sequenced using the new reverse primer smITS-R2. It is noteworthy that the ITS region of plants was not amplified, and the amplification of multiple fragments was reduced by 72%. The complete corresponding results are given in Table S1 , and a summary of the results is presented in Table 3 . PCR efficiency for five different primer combinations was subsequently evaluated on a set of DNA samples comprising more than half of the known genera of the Ustilaginomycotina, which represent more than 90% of the known species in this subphylum (Tables 4, S2 ). For the tests, two well-known primer combinations (ITS1/ITS4, M-ITS1/ITS4) and three primer combinations with newly designed primers (smITS-F/smITS-R1, M-ITS1/smITS-R1, M-ITS1/smITS-R2) were used. The unspecific ITS1/ITS4 combination was indicative of the presence of amplifiable DNA, as this primer combination will yield amplification for both fungi and plants.
The amplification and sequencing success of the Ustilaginomycotina-specific primer combinations was similar when well-amplifiable specimens were used (Tables 4, S2 ). Collectively, the new primers successfully amplified eight samples that could not be amplified by M-ITS1/ITS4. Considering all specific primer combinations used, 52 of the 79 samples could be successfully amplified and sequenced. The discriminatory power of the new primers hinges on the ustilaginomycete-specific reverse primers designed in this study. Samples that were difficult to amplify because of age or paucity of material could be successfully sequenced (Tables 3, S2 ).
Discussion
The ITS region is widely used for identification and phylogeny in various fungal groups, and has been proposed as the barcoding locus for fungi (Schoch et al. 2012; Stielow et al. 2015) . It is also important for the identification and phylogenetic studies of smut fungi (e.g. Begerow et al. 1997 ; Stoll
18S-S2FM 18S-S1F Fig. 1 Primers for amplification of Internal transcribed spacers (ITS-rDNA) region. Primer names located in the upper part of the figure are the ones designed in this study; the ones in the lower part represent primers already published For a full representation of the results, see Table S1 et al. 2003) . Smut fungi are mostly parasitic on plants (Begerow et al. 2006) and provide a challenge to amplify with general ITS primers, which tend to amplify host DNA or contaminant fungi. So far, only two primer sets were commonly Table 4 Summary of the amplification and sequencing success of the five different primer combinations on the order and family level using wellamplifiable DNA Primer combinations
Numbers in square brackets indicate samples not amplified by the M-ITS1/ITS4 combination; the number in parentheses indicates the amount of private amplifications used to amplify the ITS-rDNA region of smut fungi: the unspecific combination ITS1/ITS4 and the combination M-ITS1/ITS4, in which M-ITS1 provides a higher specificity towards smut fungi. However, an amplification of host plants and contaminant fungi cannot be fully avoided. In particular, contaminant Ascomycota and basal Basidiomycota are often problematic, as they tend to be amplified preferentially, especially in case of older herbarium specimens. With the primers developed in this study, almost no non-target ITS was amplified, greatly enhancing amplification success from herbarium samples. A downside of the new primers designed in this study is that the amplicon length typically varies between 1200 and 1400 bp, an amplicon length that can be assumed to be more difficult to amplify from older herbarium specimens (Telle and Thines 2008) . Amplicons can be sequenced using the ITS4 primer, but the sequencing of the full-length amplicons offers the opportunity to obtain parts of the more conserved flanking regions, which might be helpful to resolve deeper splits than possible with ITS sequences alone. It is noteworthy that the amplification success was variable for some genera or even the same samples. This could be due to the following reasons. First, the quality of the DNA is dependent on the age and treatment of the sample. Herbaria treat their samples differently, some frost the samples regularly (especially before sending them to other institutions) or they befog the samples with a variety of insecticides. Both methods have a negative impact on the quality of the DNA (Redchenko et al. 2012 ). In addition, the sampling from herbarium specimens is a crucial factor determining the outcome of PCRs. For those cases in which the same sample could not be amplified from separate DNA extractions, it is conceivable that the fragment used in the current study was further degraded, e.g. by further freeze/thaw cycles, or the fragment taken did not contain the same amount of pathogen as in the previous sampling. In addition to these variables and the potential impact of the DNA extraction method, the choice of polymerase can also modify the outcome of PCR (Telle and Thines 2008) .
Due to the high discriminatory power and wide applicability of the primers developed in this study, we are confident that various samples which previously could not be included in phylogenetic studies can now potentially be amplified and sequenced. However, the huge divergence that is between major groups of smut fungi renders the task of designing one primer pair that would include all the diversity of the Ustilaginomycotina-while at the same time excluding all other fungal groups and host plants-difficult. Thus, it seems possible that, for some groups of smut fungi, especially in the highly divergent Exobasidiomycetes, dedicated primers will need to be developed in the future, based on genome sequences of various representatives of this class.
